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ABSTRACT

Geochemica modeling was used to simulate the mixing of dilute shallow
groundwater with deeper more saline groundwater in the fractured granite of
the Redox Zone at the Asp6 underground Hard Rock L aboratory (HRL). Fluid
mixing simulations were designed to assess the role that cation exchange
playsin controlling the composition of fluids entering the HRL viafracture
flow. Mixing simulations included provision for the effects of mineral precipi-
tation and cation exchange on fluid composition. Because the predominant
clay mineral observed in fractures in the Redox Zone has been identified as
illite or mixed layer illite smectite, an exchanger with the properties of illite
was used to simulate cation exchange. Cation exchange on illite was modeled
using three exchange sites, a planar or basal plane site with properties similar
to smectite, and two edge sites that have very high affinities for K, Rb, and Cs.
Each site was assumed to obey an ideal Vanselow exchange model, and
exchange energies for each site were taken from the literature.

The predicted behaviors of Na, Ca, and Mg during mixing were similar to
those reported in a previous study in which smectite was used as the model for
the exchanger /Viani and Bruton, 1994/. The trace elements Cs and Rb were
predicted to be strongly associated with the illite exchanger, and the predicted
concentrations of Csin fracture fill were in reasonable agreement with
reported chemical analyses of exchangeable Csin fracturefill. The results of
the geochemical modeling suggest that Na, Ca, and Sr concentrations in the
fluid phase may be controlled by cation exchange reactions that occur during
mixing, but that Mg appears to behave conservatively. Thereis currently not
enough data to make conclusions regarding the behavior of Cs and Rb.
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INTRODUCTION

Previous modeling has suggested that cation exchange may explain the
observed variationsin Na, Ca, and Mg in groundwaters sampled during the
Aspd Redox Zone Experiment at the Hard Rock Laboratory (HRL) /Viani and
Bruton, 1994/. In the previous study it was shown using geochemical model-
ing that cation exchange reactions occurring during the mixing of shallow
groundwater (< 15m) and native groundwater (at HRL tunnel depth, ~ 70m)
are aplausible source for Naand sink for Caand Mg. The cation exchanger
used in the simulations was assumed to have the exchange properties of smec-
tite. Approximately 0.1 equivalent of exchange capacity per liter of groundwa-
ter was required for the simulated mixing results to match the observed fluid
compositions. This quantity of exchanger was thought to be consistent with
the observed fracture mineralogy and mineral abundances.

The major goal of the present study is to extend our previous work by:

- Using the exchange properties of illite to model cation exchange when simu-
lating groundwater mixing in the Redox Zone. Illite is more consistent with
the observed fracture mineralogy than is smectite.

- Comparing simulation results with the complete Redox Zone water chemis-
try data base, rather than the more limited data set reported in Banwart et al.
11992/ that was used for the previous comparison (data was limited to the
initial 7.5 months of the 42 month sampling period).

- Testing the effect that cation exchange equilibrium has on the partitioning of
minor and trace elements (Cs, Rb, and Sr) between groundwater and fracture
minerals.

APPROACH

For the cations Na, Ca, Mg, and S, the approach taken to test the effect of cat-
ion exchange on elemental concentrations during mixing is the same as that
used previoudly /Viani and Bruton, 1994/, namely:

- Assume that groundwater sampled at the HRL tunnel is derived from two
sources:. the native and shallow groundwater.

- Simulate the mixing of the two groundwaters in the presence of a cation
exchanger that isinitially in equilibrium with the native groundwater.

- Compare simulation results with observed compositions of groundwater
sampled from the tunnel boreholes and with compositions cal cul ated assum-
ing that Cl is conserved during mixing.

Because of the limited quantity of trace element data for Redox Zone ground-
waters and fracture minerals, the effect of groundwater mixing on trace ele-
ment concentrations could not be adequately tested. However, geochemical



modeling was used to predict the exchangeabl e trace element composition of
illite in equilibrium with various groundwaters in the Redox Zone.
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METHODSAND DATA

EQ3/6 MODELING

The geochemical modeling was performed using the version of EQ3/6 /Wol-
ery et al., 1990; version 3245R116/ and thermodynamic data base used by
Viani and Bruton /1994/. Simulations were carried out assuming 0.1 equiva-
lents of exchanger per liter of groundwater and a temperature of 10 °C. The
conceptual model of fluid mixing imposed by EQ3/6 is asimplified approxi-
mation of the actual process that is occurring at Aspd. Inherent to this simpli-
fication is the assumption that the shallow groundwater undergoes no
compositional change (i.e., no reaction with its surroundings) prior to mixing
with the native groundwater, and that mixing occurs only in the presence of a
cation exchanger that isinitialy in equilibrium with the native groundwater.

Cation exchanger used in EQ3/6 ssimulations

InViani and Bruton’s /1994/ study, the exchanger phase was assumed to be a
smectite that contained asingle type of exchange site. Analysis of fracture-fill-
ing mineralsin the Redox Zone has identified the layer silicates chlorite, illite-
rich interstratified smectite/illite, and sericite /Tullborg, 1995/. A survey of
cation exchange energies /Bruggenwert and Kamphorst, 1982/ reveal s that for
the cations Ca, Mg, Sr, and Na, thereis not alarge difference in the exchange
properties for different layer silicates. In contrast, for K, Rb, Cs, and NHy, the
energies for cation exchange are strongly dependent on mineral type, espe-
cialy when trace quantities of these cations are involved. Based on the
observed mineralogy, illite was chosen as the most appropriate exchanger to
use to simulate the exchange components of the fracture fill.

[llite differs from smectite by having a smaller cation exchange capacity
(CEC) and having multiple (as many as three) exchange sites that differ mark-
edly in their exchange energies/Brouwer et a., 1983/. The major portion of
the exchange capacity of illite is associated with the outer or basal planes of
theillite crystal (planar site; Figure 2-1). This site has exchange energies sim-
ilar to smectite (Table 2-1); exchange of Na and divalent cations are almost



non-exchangeabl e (fixed)

non-hydrated cationsin interlayer site

exchangeable

i o B B @ @Yé@@ :

hydrated exchangeable
cations on planar site

Figure2-1. Schematic of illite crystallite or illitic region of interstratified smectite/
illite showing postulated relationship between site type and crystalite
structure.

identical to that in smectite. The other sitesonillite (sites| & 1) are present in
relatively small amounts and are associated with the edges of theillite crystal-
lites (“frayed edge sites’) /Brouwer et al., 1983/. These two sites show a high

affinity for monovalent cations, especially those with small hydration energies
(e.g., K, Rb, Cs,; Table 2-1). Binary exchange energies and relative quantities

for the three sites on illite were taken from Brouwer et a. /1983/ or calcul ated
from data therein. Asin the previous study, a cation exchange model employ-



ing the Vanselow convention /Sposito, 1981/ was used for the simulations.

Table2-1. Cation exchange energies for illite and smectite at 25 °C(D.

Exchange Energy, kcal/equiv

Ilite Smectite
Exchange Reaction Sitel Sitelll Planar Site
Na--> 0.5 (Ca, Mg, Sr, Ba)® 1.4 0.2 0® -0.12
Na--> K -2.2 -2.3 -1.22 -0.35
Na-->Rb -6.5 -4.2 -1.62 -0.63
Na-->Cs -7.8 -4.2 -2.10 -1.08
Relative fraction of sites 0.005 0.03 0.965 1.00

(@ Datafor illite from Brouwer et a. /1983; Tables| and |1/. Data for smectite from Fletcher and Sposito /1989/
except for Na--> (Rb, Cs) which are from Gast /1972/. Note: these data are strictly accurate at 25 °C only. It
was assumed that for the purposes of these simulations the variation of exchange energy between 25 and 10
OC isasecond order effect.

@ Na-->05 (Ca, Mg, S, Ba) signifies the conversion of 1 equivalent of exchanger from the Naform to the
Ca, Mg, Sr, or Baform.

4 The exchange energy for Na--> 0.5 (Ca, Mg, Sr, Ba) deduced from Brouwer et al.’s /1983/ data for the pla-
nar site was adjusted to be consistent with their datafor Cs--> Na, Rb --> Na, and Rb --> (Ca, Mg, Sr, Ba)

exchange.
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GROUNDWATER DATA

The shallow and native groundwaters used as the two endmembers for the
mixing simulation were the same as those used by Banwart et al. /1992/: sam-
ples HBH02-910912 and KA 0483A-910312, respectively. Fluid compositions
predicted from the mixing modeling runs were compared with compositions
reported for groundwater samples collected from the three boreholes drilled
into the fracture zone from the HRL side tunnel (KR0012B, KR0013B, and
KRO0015B), for samples collected from the inflow from the tunnel roof
(YA0513T), and for shallow boreholes (HBHO1, HBHO02). The groundwater
composition data were obtained from the computer file WK SHOP94.xIs sup-
plied by SKB for use in Asp6 geochemical modeling exercises /Wikberg,
1994/. These data are also included as a part of the groundwater data set com-
piled by Nilsson /1995/. Only samples for which analyses of Cl, Na, K, Ca,
Mg, and Sr were reported were used to compare with the simulation results.

In addition to the above analyses, trace element analyses for HBHO2 and the
KRO01xB wells (KBS samples) /Nilsson, 1995; Appendix 2., Table A2-6/
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were combined with the major element analyses for the same sampling dates /
Nilsson, 1995; Appendix 1, Table A1-1/ to predict the composition of the
exchanger in equilibrium with these waters. Because there was no trace ele-
ment analysis of the native groundwater, the concentrations of Csand Rb in
this sample were estimated in a similar manner to Landstrém and Tullborg /
1995/. The estimates were made by plotting the measured Cs and Rb vs. Na
and interpolating to obtain the concentrations for the native groundwater (Fig-
ures 2-2 and 2-3).
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Figure 2-2. Relationship between Cs and Nathat was used to estimate the dis-
solved concentration of Csin the native groundwater. The data
points (circles) are taken from Landstrom and Tullborg /1995/
(KBH well) and Nilsson /1995/ (HBHO02, KR0O01xB wells). The

SIMULATION RUNS

Simulations that were made using EQ3/6 are summarized in Table 2-2.
Assumptions regarding the charge balance, Eh, and thermodynamic data for
mixing cal culations were identical to those used by Viani and Bruton /1994,
Table 2-2/.
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Figure 2-3. Relationship between Rb and Nathat was used to estimate the dis-
solved concentration of Rb in the native groundwater. The data
points (solid circles) are taken from Landstrom and Tullborg /
1995/ (KBH well) and Nilsson /1995/ (HBHO02, KR0O01xB wells).



Table 2-2. Summary of simulations involving cation exchange.

Exchanger
amount, Precipita-
Calculation Groundwater analyses equiv/kg of  tion con-
Simulation type used for ssimulations H,O sidered®

HBH02-910912
KAO0483A-910312

HBH02/KBS2111-930612
HBH02/KBS2131-930706
HBH02/K BS2145-930817
HBH02/K BS2168-930921

KR0012B/K BS2084-930324
KR0012B/KBS2107-930611
KR0012B/KBS2127-930705
KR0012B/KBS2141-930816

EQ3 KR0012B/KBS2193-931108 trace no

Predict composition of illite
exchanger in equilibrium
with specific groundwater

samples KR0013B/K BS2085-930324
K RO013B/K BS2108-930611
K RO013B/K BS2128-930705
KR0013B/K BS2142-930816
KR0013B/K BS2194-931108

KR0015B/K BS2086-930325
KR0015B/KBS2109-930611
KR0015B/KBS2129-930705
KR0015B/KBS2143-930816
KR0015B/KBS2195-931108

Predict the effect of illite

exchanger on mixing shal-  EQ3-> HBH02-910912 0.10 yes
low and native groundwa- EQ6 KA0483A--910312 '
ters

@ Supersaturated solids (except graphite and dolomite) were allowed to precipitate.
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RESULTS

PREDICTED EXCHANGER COMPOSITIONS

Because of the similarity of the exchange properties of smectite and those of
the planar site inillite, the major cation occupancies (Na, Ca, and Mg) pre-
dicted for theillite exchanger are very similar to those predicted by Viani and
Bruton /1994/ for smectite (Figure 3-1). In contrast, because of the high selec-

=
o
o

©
o
\
|

o)
o
\
|

IN
o
\

\

Na
Na

Mg Mg Mg Mg
| Na IR Na ll Hﬂ R IR |
° smectite illite smectite illite
shallow native

Exchanger composition, equiv-%
S
\
\

Figure 3-1. Comparison of the predicted compositions of smectite and illite cation
exchangers in equilibrium with shallow (HBH02-910912) and native
(KA0483A-910312) groundwaters (R = 2{ K,Rb,Cs,Sr}.

tivity of the edge sites onillite for monovalent cations with low hydration
energies, these sites are predicted to be enriched in Cs, Rb, K, and Narelative
to the planar site (Figures 3-2 and 3-3). Although the edge sites occupy only
3.5% of the total exchange capacity of illite, greater than 98% of the
exchangeable Cs and Rb and 25 to 35% of the exchangeable K are predicted
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to be associated with these sites (Table 3-1).

Table 3-1. Predicted distribution of Cs, Rb, and K among illite exchange sites

Cs, % Rb, % K, %

Groundwater Sitel Sitell Planar Sitel Sitell Panar Sitel Sitell Panar

Shallow
HBHO2- 99.74 0.17 0.09 9796 166 0.38 1611 1944 6445
910912

Native
KA0483A- 9895 0.67 0.38 9219 6.28 153 439 2131 7430
910312

The predicted compositions of illite in equilibrium with waters from HBHO2,
KAO0483A and KR001xB boreholes are shown in Table 3-2. The relative occu-

Table 3-2. Composition of illite exchanger predicted to be in equilibrium with various
groundwaters from the Redox Zone at Aspo.

Groundwater Predicted illite exchanger composition, equiv-%

Borehole Na Ca Mg Sr K Rb Cs
athAg;V-gloglz(l) 0.74 87.08 10.92 0.155 0.90 0.1578 0.0264
KR0012B( 1768 6256  17.74  0.487 133 01265  0.0653
KR0013B 20.93 61.04 16.56 0.472 0.82 0.0890 0.0818
KR0015B 18.14 64.06 16.23 0.485 0.89 0.1146 0.0823
Native

24.02 61.99 1221 0.580 0.97 0.1380®  0.0880

KAQ0483A-910312

(@ The solution concentrations of Cs and Rb used to predict the exchanger composition for HBHO2 were aver-
aged from the values presented in Nilsson /1995/, 0.05 and 1.9 pg/L, respectively, and combined with the
major element analysis for the 910912 sample.

@ The predicted compositions for the KR samples are averages for the five sampleslisted in Nilsson /1995/.
The coefficient of variation in the predicted compositions of the exchangers for the different samples was
less than 10%.

) Underlined values are predictions based on estimated solution concentrations of Csand Rb (see section 2.2).

pancies of Na, Cs, and Sr are larger and Cais smaller onillite in equilibrium
with the native groundwater compared to illitein equilibrium with the shallow
water. The predicted levels of Mg, K, and Rb are approximately the same for
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the shallow and native groundwaters. Except for Mg, K, and Rb, the predicted
illite compositions for the KROO1xB wells are intermediate between those of
the shallow and native groundwaters.

FLUID MIXING SIMULATIONS

Cation exchange and solution composition

Measured groundwater compositions were compared to compositions based
on a conservative mixing model and on mixing in the presence of 0.1 equiv of
illite exchanger (Figures 3-4 to 3-9). The comparison was made by assuming
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Figure 3-4. Measured concentrations of Na (solid circles) and Ca (open cir-
cles) in Redox Experiment water samples are compared to predic-
tions made with a conservative mixing model (dashed lines) and
generated from EQ3/6 calculations (solid lines) for 0.1 equiv illite
exchanger/kg of H,O.

that Cl is conserved during mixing; that is, the Cl concentration in the ground-
water isthe sole determinant of the relative proportions of the two endmember
fluids. The variation of the observed Na, Ca, and Sr with respect to Cl is con-
sistent with the variation expected if mixing occursin the presence of acation
exchanger that isinitially in equilibrium with the native groundwater. In con-
trast, the observed variation of Mg with Cl appears consistent with conserva-
tive mixing. For K, Cs, and Rb neither conservative mixing or cation exchange
can beinferred from the data because of either the scatter in, or scarcity of, the
data.
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Figure 3-5. Measured concentrations of Sr (circles) in Redox Experiment
water samples are compared to predictions made with a conserva-
tive mixing model (dashed line) and generated from EQ3/6 calcu-
lations (solid line) for 0.1 equiv illite exchanger/kg of H5O.
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Figure 3-6. Measured concentrations of Mg (circles) in Redox Experiment
water samples are compared to predictions made with a conserva-
tive mixing model (dashed line) and generated from EQ3/6 calcu-
lations (solid line) for 0.1 equiv illite exchanger/kg of H,O.

As noted by Viani and Bruton /1994/, precipitation of small quantities of
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Figure 3-7. Measured concentrations of K (solid circles) in Redox Experiment
water samples are compared to predictions made with a conserva-
tive mixing model (dashed line) and generated from EQ3/6 calcu-
lations (solid line) for 0.1 equiv illite exchanger/kg of H,0.
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Figure 3-8. Measured concentrations of Cs (solid circles) in Redox Experi-
ment water samples are compared to predictions made with a con-
servative mixing model (dashed line) and generated from EQ3/6
calculations (solid line) for 0.1 equiv illite exchanger/kg of H,O.

hematite, pyrolusite, quartz, and calcite are predicted by EQ6 during the mix-
ing ssimulation. However, the effect of precipitation of these phases on the cat-
ion exchange equilibriais negligible because the major cation and anion
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Figure 3-9. Measured concentrations of Rb (circles) in Redox Experiment
water samples are compared to predictions made with a conserva-
tive mixing model (dashed line) and generated from EQ3/6 calcu-
lations (solid line) for 0.1 equiv illite exchanger/kg of H5O.

concentrations are not significantly affected by the precipitation of these
phases.
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DISCUSSION

CATION EXCHANGE VS. CONSERVATIVE MIXING

The predicted effect of cation exchange by illite on fluid composition during
mixing is similar to that presented previously for smectite /Viani and Bruton,
1994; Figure 3-4/. However, comparison of model results with the additional
groundwater data from the Redox Zone that was not available to Viani and
Bruton /1994/ yields a somewhat different picture of ion exchange vs. conser-
vative mixing. For Ca, Na, and especialy Sr, it appears that the form of the
observed relationship between these cations and Cl is not the same as that pre-
dicted by the cation exchange model. A number of causes might contribute to
this discrepancy:

- The actual mixing of fluidsin the fracture system is not adequately simulated
by the simple mixing algorithm embodied in EQ3/6.

i) The method of simulating mixing does not allow the shallow water to
progressively react with the ion exchanger.

i) Because of discrete fracture pathways, mixing in the presence of an
exchanger may occur only in restricted parts of the flow path.

iii) A fraction of the shallow water or native water might short circuit the
cation exchange process by preferential movement along fractures that
lack or contain very small quantities of exchanger.

Because of the potentially large ratio of cations on the exchanger to those in

the fluid /Viani and Bruton, 1994/, differences between the simulated mixing

process and the actual mixing process would probably have the greatest
effect on the most dilute mixed fluids.

- More than two “endmember” fluids may be involved in the mixing and cat-
ion exchange process.

- The cation exchange modé (e.g., Vanselow, Gapon, Gaines-Thomas, €tc.),
energies, or assumption of exchange equilibrium may not be correct. Of
these potential shortcomings, only the last would probably result in signifi-
cant differences in predicted concentrations.

- Cation exchange does not play a significant role in controlling solution com-
position, or there are additional sources and/or sinksfor Na, Ca, and Sr.

For Mg, inclusion of the full set of observed fluid data requires usto reverse
our earlier finding and conclude that a simple conservative mixing model is
better at describing the data than the cation exchange model. However, it is
difficult to envision why cation exchange should control Caand Sr during
mixing, but not Mg, because the exchange energies of Mg, Ca, and Sr are
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essentially identical.

PREDICTED EXCHANGEABLE (“MOBILE") CS,RB, AND SR IN
FRACTURE FILLING MATERIAL

The predicted equiv-% occupancies of Cs, Rb, and Sr on the illite exchanger
can be used to calculate their mass concentration in the fracture fill (Table 4-
1). The sum of the exchangeable and dissolved fractions of a metal is often

Table4-1. Predicted concentration of exchangeable Cs, Rb, and Srin fracturefill in
exchange equilibrium with Redox Zone groundwaters (ppm).(?

Sample Cs Rb Sr
Shallow

o 10012 0.35 1.35 0.68
KRO012B 0.87 1.08 213
KR0013B 1.09 0.76 2.07
KROO15B 1.09 0.98 213
Native 117 118 2,54

KA0483A-910312

(@ The concentrations were cal cul ated assumi ng that illite in the fracture fill isthe sole source
of the exchangeable cation; that the fracture fill contains 5 wt-% of illite; and that the CEC
of theilliteis 0.2 equiv/kg. Concentrations, Cpom, Were calculated according to:

_ EIMw[CECA
Cppm = 100V
where E is the equivalent percent of the cation on illite predicted by EQ3/6, Mw is the
molecular weight of the cation, CEC is the exchange capacity of illite (equiv/kg), A, isthe

weight-percent abundance of illitein the fracture fill material, and v is the valence of the
cation.

termed the “mobile” fraction /Landstrom and Tullborg, 1995/. For Cs and Rb
this fraction is dominated by the exchangeable fraction (see section 4.4
below). The values tabulated in Table 4-1 are based on the assumption that all
of the exchangeable element derives from theillite only. Because it is also
assumed that the fracture fill material isin exchange equilibrium with the
groundwater, the concentrations in Table 4-1 are independent of the ratio of
exchanger to fluid. The calculated exchange cation concentrations are directly
proportional to the CEC and weight fraction of theillite in the fracture filling
material.

The assumption that the exchangeable cations derive solely from illiteis rea
sonable for Cs and Rb because of the high selectivity of illite for these ele-
ments. However, this assumption is probably not valid for Sr because other
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exchangers such as smectite, chlorite, or sericite would also contribute to the
exchangeable Sr pool. Hence, the values for Sr in Table 4-1 are underesti-
mates.

Landstrom and Tullborg /1995/, using a sequential extraction technique, found
that 0.64 ppm Cs was exchangeable and/or dissolved (mobile) in a sample of
fracture gouge collected from the Redox Zone. Their measurement agrees sur-
prisingly well with the predicted Cs concentrations in Table 4-1. Although the
total concentrations of Rb and Sr in the fracture gouge were also analyzed by
Landstrom and Tullborg /1995/, the fraction that was exchangeable was not
reported.

ESTIMATESOF THE QUANTITY OF CATION EXCHANGER IN
THE REDOX ZONE FRACTURE SYSTEM

No measurement of the exchange capacity of fracture filling material has been
made to date. However, severa indirect estimates of the quantity of cation
exchanger associated with the Redox Zone fracture system have been made.
Viani and Bruton /1994/ estimated the exchange capacity to be on the order of
0.06 to 0.1 equiv of exchanger per liter of groundwater based on matching
predicted to observed Na and Ca groundwater concentrations. Calculationsin
EQG3/6 are actually made in terms of equiv per kg of H,O which, for the rela-
tively dilute groundwaters considered in this study, is essentially equal to
equiv per liter of groundwater.

Banwart et al. /1995b/ presented two estimates: 0.083 and 0.004-0.03 equiv/L .
The former estimate was based on fitting mass balance and cation exchange
mass action equations to the observed concentration of Nain Aspd groundwa-
ters. The latter estimate was based on the observed fracture mineralogy, frac-
turefill particle size distribution, fracture fill porosity, and CEC values for
various clay minerals /Table 2, Banwart et al., 1995b/. This estimate is much
lower than those based on cation exchange models. However, the exchange
capacity estimate listed in Table 2 of Banwart et al. /1995b/ appears to be actu-
ally expressed on a per unit volume of fracture fill basis rather than per unit
volume of groundwater. Using the exchange capacities (0.2-1.4 equiv/kg of
clay) and the clay to groundwater ratio (0.140 kg of clay/L of groundwater)
listed in Banwart et al.'s /1995b/ Table 2, we estimate the exchange capacity of
the fracture filling per L of groundwater to be 0.03-0.20 equiv/L. Our estimate
is about an order of magnitude greater than that in Banwart et al.’s Table 2 and
is also consistent with the two estimates deduced from cation exchange mod-
eling.

RESERVOIR OF EXCHANGE CATIONS

Table 4-2 lists the ratios of the mass of cations associated with the exchanger



Table 4-2. Ratio of predicted mass of trace cation on exchanger(!) to mass of
cation in fluid for three groundwaters at Aspo

Cation (HBI—?SZI-%QQ) (KA04213?2§10312) KR0O13B
= 42 12 39
Rb 7100 420 900
Cs 70000 3900 8400

(@ Calculations assume 0.1 equiv of illite/kg of H,0.

to their massin the fluid. The distribution of Sr is essentially equal to that pre-
viously computed for Ca and Mg considering a smectite exchanger /Viani and
Bruton, 1994/. Cs and Rb are ailmost completely associated with the
exchanger and thisreservoir would be expected to control the dynamics of the
mobile pool of these elementsin the fracture system.

The simulated behavior of Sr closely parallelsthat of Ca, that is, it is not con-
served during mixing, and gppears to be controlled by ion exchange. This sim-
ilarity in behavior is consistent with the nearly linear relationship between Sr
and Canoted by Wallin and Peterman /1994a/. Although Sr concentrations
increase by two orders of magnitude between the shallow and native endmem-
bers, 527Sr-valuesin Redox Zone groundwaters are nearly constant, on the
order of +10 o/oo /Wallin and Peterman, 1994b/. These values are signifi-
cantly heavier than those in fracture calcites and indicate that Sr in the ground-
water is not in isotopic equilibrium with the bulk of the Sr in the fracture
calcites. However, isotopic equilibrium would be expected between dissolved
and exchangeable Sr because exchange equilibrium is rapid. Compared to
total Sr concentrations in fracture fill and altered wall rock (~500 - 700 ppm) /
Tullborg, 1995/, the exchangeable Sr concentrations are predicted to be small
(Table 4-1). Nevertheless, exchangeable Sr accounts for more than half of the
“mobile” pool of Sr (Table 4-2) and may have helped to buffer the Sr isotopic
signature in the Redox Zone fracture network.



CONCLUSIONS

Geochemical modeling simulations of the role of cation exchangein fluid
mixing and in trace metal partitioning suggest that this phenomenon plays an
important role in the short term chemical dynamics that are occurring in the
Redox Zone.

- Because of the similarity of the exchange properties of smectite and those of
the planar siteinillite, the maor cation occupancies (Na, Ca, and MQ) pre-
dicted for theillite exchanger are very similar to those predicted for a smec-
tite exchanger.

- Cation exchange is a plausi ble mechanism to explain apparent sources and/
or sinks for Ca, Sr, and Na during mixing of dilute shallow groundwater and
native groundwater in the Redox Zone. This mechanism alone cannot
explain the behavior of Mg. In particular, the mixing of more than two
sources of groundwater, as has been postulated by Laaksoharju et al. /1995/,
must be considered. A more realistic model of the mixing process must al'so
be incorporated into the geochemica modeling.

- Cation exchange simulation of the partitioning of Cs and Rb ontoillite pre-
dictsthat amost all of the “mobile” pool of these elementsis associated with
the exchanger. The predicted level of exchangeable Cs and that measured by
sequential extraction of fracture gouge are in reasonable agreement.

- The quantity of exchanger (~ 0.1 equiv/L of groundwater) necessary for the
simulation to match the observed fluid data is physically reasonable, and is
consistent with the observed fracture mineralogy. This estimate agrees with
estimates by Banwart et al. /1995b/ that are based on modeling and on frac-
ture fill material properties.
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